Magnetization switching by spin-orbit torque (SOT) via spin Hall effect represents as a competitive alternative to that by spin-transfer torque (STT) used for magnetoresistive random access memory (MRAM), as it doesn't require high-density current to go through the tunnel junction. For perpendicular MRAM, however, SOT driven switching of the free layer requires an external in-plane field, which poses limitation for viability in practical applications. Here we demonstrate field-free magnetization switching of a perpendicular magnet by utilizing an Iridium (Ir) layer. The Ir layer not only provides SOTs via spin Hall effect, but also induce interlayer exchange coupling with an in-plane magnetic layer that eliminates the need for the external field.
Research efforts in discovering and gaining better understanding of various spin-based physical phenomena over the past decades have propelled the innovation and developments of new generations of memory and logic devices [1] [2] [3] [4] . With utilization of non-volatility inherent in magnetism and low-power consumption characteristics, these novel device concepts present new opportunities for future electronics and computers. One of the most renowned examples is the spin-transfer torque magnetoresistive random access memory (STT-MRAM) [5] [6] [7] [8] . In STT-MRAM, spin polarized current can be generated and used to switch the magnetization direction via spin momentum transfer. In recent years, a three-terminal scheme for MRAM applications has been
proposed that utilizes spin-orbit torques (SOTs) to switch the free layer [9] [10] [11] . Such scheme shows the benefits in lower current density as well as separate read-and write-path, and thus has attracted people's strong interests. In these devices, spin Hall effect (SHE) 12, 13 is adopted as the main source for SOT injection [14] [15] [16] . It has been demonstrated that SHE can trigger magnetization switching of in-plane magnetic tunnel junctions (MTJs) 15, 17, 18 . For perpendicular MTJs that are required for high-density memory, an in-plane magnetic field has to be applied for SHE induced switching 16, 18 .
However, the need for an external applied field significantly hinders the technological viability of commercial applications.
By far, people have come up with several ways to solve this problem. One approach is by creating geometric asymmetry so that the SOTs acting on the perpendicular magnet could contain perpendicular components [19] [20] [21] able to achieve deterministic magnetization switching without an external in-plane field. We also investigate the switching process in our devices and characterize it as domain nucleation followed with thermally assisted SHE-induced domain wall motion (DWM).
Results and discussion
The film stack for field-free magnetization switching is substrate/ Co ( To study the SOT-driven magnetization switching, current pulses are injected along the current channel with each pulse length of 100 s. The Hall voltage was measured after each write pulse with a read current of 100 A, less than 1/10 of the writing current. number of current pulses, the region along the current pulses can be mostly reversed. We should note that there are always some small residual domains located sparsely along the current path that are difficult to eliminate, even with perpendicular magnetic field. It's widely observed that SHE can induce domain wall motion (DWM) in heavy metal/ ferromagnet systems [30] [31] [32] [33] [34] . One of the keys to the SHE-driven DWM is the Dzyaloshinskii-Moriya interaction (DMI) at heavy metal/ ferromagnet that not only makes Neel-type domain walls more energetically favorable than Bloch-type ones but also introduces chirality to the domain wall structure [35] [36] [37] . Normally, up-down and down-up domain walls of an opposite domain possess the same chirality (either left-or right-handed), as shown in Fig. 3(b) . These domain walls move in the same direction when receiving the SOTs from the neighboring heavy metal layer and thus domains can only shift forwards or backwards. With applying external in-plane field that's larger than the effective DMI field, up-down and down-up domain walls can have different chiral structures. As a result, a domain can either expand or shrink depending on the direction of injected current 38 , which further leads to deterministic magnetization switching. In our case, we measured the effective DMI field at Ir/Co interface to be about 9 mT (see supplementary information Fig.   S4 ). Hence, the exchange coupling field (20 mT) in our devices is able to overcome the effective DMI field and give rise to the domain walls with opposite chirality (Fig. 3(c) ). Based on our observations, it's the two types of domain walls moving in opposite directions that enables fieldfree magnetization switching. Therefore, the magnetization switching process in our devices can be interpreted as domain nucleation followed with thermally assisted SHE-driven DWM till the expansion of reversed domains produces full reversal.
Recently, CB Seung-heon, et al. 39 reported that spin current generated by the interface of non-magnetic metal/ in-plane magnetized ferromagnet can contain some perpendicular polarization. Such perpendicular component of the spin current further gives rise to the SOTs that can achieve field-free magnetization switching. This mechanism can't be applied to explain our observations since the spin diffusion length of Ir is only 0.5 nm 40 . Therefore, even if such spin current is generated at Ir/ in-plane Co interface it can't travel through the 1.35 nm-thick Ir layer to reach the top perpendicular Co layer.
To provide further understanding of the experimental observations, the effect of pure spin current in the perpendicular Co layer is modeled by Slonczewski spin transfer torque included Landau-Lifshitz-Gilbert damped gyromagnetic equation of motion. The full stack is modeled with the bottom SAF structure set as ⇄. The modeling is carried out by initially creating a reversed domain, or domains, in a perpendicularly saturated top Co layer. Fig. 4 shows sets of time evolution of domain configurations during the expansion of the initial reverse domains under the pure spin current. It is found that the reversed domains expand in all directions. Domain walls that are parallel to the interlayer exchange coupling field (as in the top left) move as fast as those orthogonal to the field (top right). It is interesting to note that as the reverse domains expand, the wall fronts often become curved during their motion (except when the wall front is perpendicular to the exchange field, as the case of top right in the Fig.4 shows.). This is because the wall moving speed is correlated with the orientation of magnetization component at the center of the wall. Fig.   5 shows the wall speed as a function of the along-wall projection of the magnetization at the center of the wall with various interlayer exchange coupling strength. The simulation results suggest that the wall moves faster when the magnetization at the center of the wall becomes more parallel to the tangent of the wall. Furthermore, it can also be seen that not only the speed of DWM but also the slope of the speed angular dependence increase with higher interlayer exchange coupling field. 
Conclusion
To summarize, we achieved robust field-free magnetization switching by utilizing the SHE and interlayer exchange coupling of Ir. The switching process is dominated by SHE-induced domain wall propagation to achieve the full expansion of reserved domains. Combined modeling study shows that in the presence of the in-plane coupling field, the nucleated domains can expand in all directions and the higher the coupling field, the higher the expansion speed of the reversed domains. The domain wall speed also increases when the magnetization at the center of the wall becomes more parallel to the wall during the motion. It's noteworthy that the film stack we used is easy to be built up with magnetoresistive layers on the top. Meanwhile, the device size should be able to scale down to the dimension of tens of nanometers, which shows its potential for practical applications in memory and logic. 
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